Introduction {#s0005}
============

Hydroxyapatite (HA), with a chemical composition of Ca~10~(PO~4~)~6~(OH)~2~, is a biocompatible and bioactive material with a similar crystal structure to the biological apatite that can be found in hard tissues such as teeth and bones [@b0005]. It has been widely used in orthopedics and dentistry because of its close biocompatibility with the human body and its good integration with bones. Additionally, it offers diverse conformation possibilities, given that it is possible to manufacture powder, coatings, dense bodies, and porous bodies [@b0010], [@b0015], [@b0020]. As a result, it has been suggested that HA is the best substitute for bone.

HA is a ceramic material that exhibits low mechanical properties, in particular low tensile strength and fracture toughness. Its application is limited to human body parts subject to either reduced mechanical strain or compressive stress only [@b0025]. Consequently, several material properties need to be modified, i.e. mechanical strength, solubility and sintering processes. This is achieved by controlling composition, morphology, and particle size [@b0030], [@b0035].

In spite of the limitations listed above, the use of porous hydroxyapatite bodies to repair bone defects is now a common practice in tissue engineering. The porous bodies provide the basis for new tissue growth and features such as biocompatibility, biodegradability and bioactivity. Also, the presence of interconnected pores makes nutrient diffusion and vascular growth possible, as well as providing mechanical strength, migration, cell proliferation, and growth [@b0040], [@b0045].

The formation of new bone depends greatly on pore characteristics such as porosity percentage, pore size, pore size distribution and pore shape. Such factors must be controlled to establish the relationship between key structural features (pore size, pore size distribution and interconnectivity) and the mechanical performance of these materials.

The aim of this work was to manufacture HA porous bodies employing the gel-casting technique combined with polymeric foam infiltration. This method has the advantage of allowing a high level of interconnectivity, and so provides a uniform distribution of porosity.

In relation to the formation mechanism of the ceramic porous body is given by the replication of the polymeric foam structure used as template once the ceramic slurry gets inside its porosity. Besides, the use of monomers in gel-casting technique generates a 3D network that provides a temporary support to the HA particles. Both polymeric elements -monomers and polymeric foam- are completely burned when the bodies are sintered, providing cavities or porosities to the new only-ceramic structure granting not only an open and interconnected porosity, but also a uniform particle distribution [@b0030], [@b0050], [@b0055]. Three different monomers and 40% and 50% w/v of HA solids were used to achieve the optimum values for some of the properties required in tissue engineering, such as morphology, pore size, bioactivity, percentage of porosity and interconnectivity. This report is the first to evaluate the behavior of porous bodies when varying the type of monomer and percentage of solids used.

Material and method {#s0010}
===================

Characterization of hydroxyapatite powder {#s0015}
-----------------------------------------

The hydroxyapatite powder used as a raw material was evaluated by Fourier Transform Infrared Spectroscopy -- FTIR -- (Perkin Elmer Spectrometer -- model Spectrum One detector DTGS). A wave range number of 4000--400 cm^−1^ was used. X-Ray Diffraction analysis was performed with a diffractometer (Brand Rigaku) and a copper (Cu) target as follows: *λ* = 1.5818 Å; angle 2*θ*; angle range of 0--60°.

Manufacture of porous bodies {#s0020}
----------------------------

Commercial hydroxyapatite powder from Strem Chemicals was used for the manufacturing process. The average particle size was 12.9 μm. The porous bodies were made according to the gel-casting technique combined with polymeric foam infiltration. Methacrylamide, Acrylamide, and N-methylolacrylamide were employed as functional monomers and the HA percentages were 40% and 50% w/v. The nomenclature of the samples employed is shown in [Table 1](#t0005){ref-type="table"}.

Initially, a Velp Scientifica Arex magnetic agitator was used to mix the following substances for 3 min until a homogeneous solution was achieved: distilled water, the functional monomer, bisacrylamide (crosslinker), polyvinyl alcohol (binder), and methacrylic acid (dispersant). Afterward, the solution was mixed with hydroxyapatite powder in a Kika Labortechnik RW mechanical mixer for 15 min to break the agglomerates present in the powder. Next, the existing bubbles were removed from the mixture in a vacuum chamber. The catalyst and the initiator were then added and the homogenization was continued for another 5 min. Once the mixture was ready, infiltration inside the suspension of polyurethane foams was performed. The foams were left inside the chamber for 30 min so the polymerization process could be completed. Thermal treatment was then carried out, beginning with drying at room temperature for 24 h in order to eliminate the excess water. Samples were then dried in a Blinder model 53 ED drying oven at 70 °C for 15 h, thus producing a mechanic strength that enabled the samples to be handled. Finally, the samples were sintered at 1200 °C for 3 h.

Polyurethane foam was selected in accordance with preliminary tests and commercial grade was chosen to make it affordable. The selected foam presented a pore size average of 500 μm, wall thickness of approximately 150 μm, and interconnectivity, as shown in [Fig. 1](#f0005){ref-type="fig"}.

Characterization of porous bodies {#s0025}
---------------------------------

For the characterization of the porous bodies, several tests were carried out using Scanning Electron Microscopy (SEM) with a JEOL microscope (model JSM-6490LV), and X-Ray Diffraction (XRD) using a Rigaku diffractometer with a copper (Cu) source (*λ* = 1.5818 Å, at an angle of 2*θ* and in a range of 0--60°). Bioactivity essays were then undertaken using immersion tests in simulated body fluid (SBF), in accordance with the procedure used by Kokubo and Takadama [@b0060]. To verify the formation of the apatite layer formed on the surface, Ca/P of this was evaluated by energy dispersive spectroscopy (EDS) in JEOL microscope (model JSM-6490LV). In Addition, porosity and interconnectivity tests were performed following the methodology reported by Liu and Miao [@b0065]. Initially, the net weight of the sample ($W_{\mathit{net}}$) was obtained, and then the sample was saturated with distilled water according to the ISO 10545-3 standard.

[(1)](#e0005){ref-type="disp-formula"}, [(2)](#e0010){ref-type="disp-formula"}, [(3)](#e0015){ref-type="disp-formula"}, [(4)](#e0020){ref-type="disp-formula"} were used to obtain the total porosity ($\Phi t$), open porosity ($\Phi_{a}$), mass porosity ($\Phi_{m}$) and interconnectivity of the pores (*p~i~*).$$\Phi_{a} = \frac{W_{\mathit{sat}} - W_{\mathit{net}}}{\rho_{a}V}$$$$\Phi_{m} = \frac{(W_{\mathit{sat}} - W_{\mathit{net}})100}{W_{\mathit{net}}}$$$$\Phi t = 1 - \frac{\rho}{\rho^{\ast}}$$$$p_{i} = \frac{\Phi_{a}}{\Phi_{t}}$$Where *V* is the volume of the porous body, *ρ* is the real density of the material, *ρ*^∗^ is the apparent density of the porous body, and *ρ~a~* is the density of water.

Statistical analysis {#s0030}
--------------------

Experimental data were presented as mean ± SD (standard deviation). Statistical analysis of the data was performed using the one-way ANOVA with Statgraphics Centurion 16 software. The differences were considered to be significant at a level of *p* \< 0.05.

The experimental design input factors were the HA percentage (40% and 50% w/v) and the kind of monomer (Methacrylamide, Acrylamide and N-methylolacrylamide). The response was total porosity and interconnectivity. All experiments were performed maintaining the binder, surfactant, dispersant, crosslinker monomer, initiator, and catalyst as constants.

Results and discussion {#s0035}
======================

Characterization of the HA powder {#s0040}
---------------------------------

[Fig. 2](#f0010){ref-type="fig"} shows the characteristic peaks of the HA powder analyzed in the infrared spectrum. The bands at 1650 and 3470 cm^−1^ correspond to H~2~O absorption, the bands at 1034, 602 and 563 cm^−1^ are characteristic of phosphate bending vibration, while the band at 980 cm^−1^ is attributed to phosphate stretching vibration. The bands at 1455, 1414 and 874 cm^−1^ are indicative of carbonate ion substitution. The analyses of these bands confirmed that the spectra shown in [Fig. 2](#f0010){ref-type="fig"} belong to HA. No functional groups were found which can affect the behavior of the manufactured porous bodies [@b0070].

[Fig. 3](#f0015){ref-type="fig"} shows the diffractogram acquired for the HA powder. The main high values of a typical HA are observed at 2*θ* = 31.7°, 32.2° and 33°. Secondary high points with less intensity are located at 2*θ* = 26.4°, 46.5° and 49°. The JCPDS 9-432 pattern confirms the presence of HA. Other peaks found at 2*θ* = 29° and 2*θ* = 53.2° correspond to a small quantity of α-tricalcium phosphate (α-TCP) (JCPDS 29- 359). However, this does not represent a significant source of contamination, since after the porous bodies are manufactured they pass through the sintering, where this phase is transformed into HA, as seen in [Fig. 5](#f0025){ref-type="fig"}. The powder is highly crystalline, which is one of the main factors responsible for the good performance of the implant *in vivo* [@b0075].

Characterization of porous bodies {#s0045}
---------------------------------

The micrographs of the porous bodies for the three different types of assessed monomers and different percentages of solids are shown in [Fig. 4](#f0020){ref-type="fig"}. The SEM micrographs show open and interconnected pores inside the material. They have a pore size between 100 and 600 μm and an irregular geometry, as well as internal pores of a lesser size with values between 50 and 100 μm. This suggests the existence of an internal microporosity in the ceramic materials with interconnectivity for values above 10% porosity as Teixeira et al. [@b0080] reported. Moreover, the surface of the porous bodies is rough, favoring cellular adhesion and inducing new bone formation [@b0055], [@b0065].

The structure of the porous bodies is similar to the trabecular bone in terms of porosity and interconnectivity [@b0085]. In accordance with work carried out by Ramay and Zhang [@b0055], the scaffolds require these parameters to have a similar composition and pore morphology. This reproduces the bone characteristics necessary in tissue engineering to promote vascularization and good implant integration. Before the aforementioned morphological characteristics were observed in the porous bodies, there was a structure consisting of a network of interconnected pores with a rough texture.

The pore size plays a key role in the design of scaffolds, since bone regeneration is directly affected. 5 μm pores permit new vascularization, pores between 15 μm and 40 μm allow fibroblastic growth, pores between 40 μm and 100 μm favor osteoid growth, pores between 200 μm and 350 μm allow significant bone growth and pores bigger than 500 μm permit fast vascularization. In addition, if the pores are interconnected, there is a higher degree of bone tissue penetration [@b0045]. The literature reports that the optimum pore size for osteoconduction is 150--600 μm. The pore size and interconnecting structure obtained in this research ([Fig. 4](#f0020){ref-type="fig"}) are between 50 μm and 600 μm, which seems to be an appropriate range for porous materials with bone conducting potential and suitable for osteoblasts to grow into the scaffold for rapid vascularization.

The XRD results after the sintering process of the porous bodies can be seen in [Fig. 5](#f0025){ref-type="fig"}. The diffractogram pattern of the hydroxyapatite is presented along with diffractograms related to samples prepared with: Methacrylamide, acrylamide, N-methylolacrylamide, and the percentages of solids corresponding to each one. The diffraction results for the assessed porous bodies show the presence of principal peaks of intensity at 2*θ* = 31.6°, 32.2° and 33°. There are other peaks with lower intensities of 2*θ* = 26°, 34°, 40°, 46.5° and 49° and secondary peaks at 2*θ* = 28.8°, 39.2°, 50.5°, 52° and 53.2°. All of these are in agreement with the characteristic peaks of a pure and crystalline HA (JCPDS 9-432), indicating that the sintering process did not change the composition of HA. Peaks for the 50HAA and 50HAN samples have a displacement relative to the standard conditions (JCPDS 9-432). However, the relative intensity of peaks and crystallinity remain. This error in the position of the diffraction peaks may be due to movement of the sample relative to the axis of the diffractometer. Nevertheless, after thermal treatment all samples can be considered to have HA as a single phase. The other chemical reagents used in this process were eliminated during firing, and the sintered material is potentially non-toxic to living tissues. This allows the material to be used for biomedical applications.

The surface of porous bodies of HA immersed in SBF can be observed in the micrographs, which show the formation of apatite from the first day of immersion ([Fig. 6](#f0030){ref-type="fig"}, [Fig. 7](#f0035){ref-type="fig"}). The mechanism of apatite formation in materials soaked in SBF has been described by many researchers [@b0060], [@b0090]. It is known that once the apatite nuclei are formed, they can grow by consuming the calcium and phosphate ions present in the SBF. The scaffold surface morphology was changed and the porosity was reduced as a result of apatite deposition. The growth of apatite crystals fills the small pores, in turn reducing the size of the large pores, as reported by Ghomi et al. [@b0095]. By day 21, the new apatite is deposited as layers, generating a 3D network. As shown in [Fig. 8](#f0040){ref-type="fig"}, all samples have porosities above 80% and the whole surface is covered by apatite. This is in agreement with the results reported by Dash et al. [@b0100] who observed a high rate of formation of biologically active bonelike apatite in high porosity samples. Such observations are related to the rapid dissolution of calcium and phosphorus ions and their migration through an interconnected network of pores [@b0105] that also have a high surface area. Apatite formation was also benefited by the interconnectivity of the samples produced by a combination of the gel-casting and polymer sponge methods, reaching values above 50%.

EDS showed that the Ca/P molar ratio was 1.61, very close to non-stoichiometric hydroxyapatite present in hard tissues [@b0100], with this result and the morphology observed in the micrographs ([Fig. 6](#f0030){ref-type="fig"}, [Fig. 7](#f0035){ref-type="fig"}), confirming then that the layer deposited is apatite.

The fact that these bodies permit the formation of HA on the surface suggests that they have great potential for use in tissue engineering. If a material is able to produce apatite on the surface through SBF, it will also be possible to produce apatite on an implant inside the human body, in turn aiding the chemical interaction between the implant and the host tissue [@b0060]. Numerous studies have shown that apatite formation on the surface of materials is indicative of a bioactivity potential *in vivo* [@b0110].

Some monomers could potentially irritate the human body. Therefore, in order for stable components to be obtained, it is necessary that the monomers undergo complete polymerization and curing [@b0115]. In the case of foam processing, due to low evaporation point of polyurethane foam and monomers, they should volatilize during sintering in concordance with Ramay and Zhang [@b0055], who report burn temperature for polyurethane foam as 500 °C and with Callcut and Knowles [@b0120] who reported a temperature at 600 °C. XRD ([Fig. 5](#f0025){ref-type="fig"}) shows that HA is the only phase present. The monomers were volatilized, which suggests that there will be an appropriate response in future biocompatibility tests performed to confirm the use of this material as an implant.

The spherical precipitates present in all foams are characteristic of carbonated apatite (Ca,Na)~10~(PO~4,~CO~3~)~6~(OH)~2~. Carbonated apatite is formed at 37 °C and pH 7.5 [@b0125] after cationic exchange when the surface has contact with SBF ions. The same conditions were used in this assay. As observed in the XRD analysis ([Fig. 5](#f0025){ref-type="fig"}), all samples have the same initial phase before immersion. Accordingly, the dissolution rates are similar and the saturation levels of the SBF solution also are equivalent, meaning that the apatite layer has analogous characteristics. The generation of this apatite on the surface has a beneficial effect on cell adhesion during implantation.

The total porosities of the samples with the three types of monomers and two HA percentages are presented in [Fig. 8](#f0040){ref-type="fig"}.

ANOVA variance analysis was conducted to analyze porosity, from which two null-value hypotheses were established. The first was the equality of the porosity measurements for the porous bodies manufactured with the three types of monomers. The second was the two values of HA percentages used. A *p* \> 0.05 was found for a HA percentage and the type of monomer. Consequently, it is inferred that none of these factors have a statistically significant effect on the porosity of the porous bodies.

In all cases, the porosity has the same order of magnitude. Moreover, the values are very close to each other, within a range of 84.9--89.2%. This is due to the polyurethane foam, which creates the porosity and is used as a template for the manufacturing process. A high porosity usually means there is a high surface area/volume ratio, and thus favors cell adhesion to the scaffold and promotes bone tissue regeneration [@b0055].

All the porous bodies were made with the same type of foam. The minimal variations were due to small internal changes in the foam. Although the same foam was used in all cases, it may not have a strict porosity pattern and could have structural defects due to its commercial nature, as can be seen in [Fig. 1](#f0005){ref-type="fig"} (arrows). Nonetheless, the use of different polymers in the amide group could generate a more stable 3D network, permitting a more homogenous placing of the HA particles. This, in turn, could improve the porosity, interconnectivity and mechanical properties of the material [@b0055]. According to the literature reports, the porosity of trabecular bone, chiefly due to the wide vascular and bone marrow intertrabecular spaces, ranges from 30% to more than 90% [@b0130]; furthermore, bone porosity is not fixed and can change in response to altered loading, disease, and aging. The results of this research are within that range, also they are consistent with the results presented by Imwinkelried [@b0135], who studied about materials for bone repair compared to Ti foams with bone properties, and it was found that values above 80% porosity were optimal for use in bone applications with trabecular bone.

In [Fig. 9](#f0045){ref-type="fig"}, the interconnectivity of the samples with the three types of monomers and two percentages of hydroxyapatite can be observed. ANOVA and two null-value hypotheses were carried out. The first hypothesis was regarding the equality of the interconnectivity measurements for the porous bodies manufactured with the three types of monomers. The second featured the two values of HA percentages used. A *p* \> 0.05 was found for the HA percentage and the type of monomer. Therefore, it can be inferred that none of these factors have a statistically significant effect on the porosity of the porous bodies.

The interconnectivity of the samples can be observed, within a range of 55.8--79.2%, and it was statistically demonstrated that there is not a notable variation in interconnectivity with respect to the HA percentage and the type of monomer. This indicates that only the foam used as a template, which was injected with the chemical suspension, could influence this interconnectivity. [Fig. 1](#f0005){ref-type="fig"} shows some pores obstructed in a polyurethane film which was later impregnated by the ceramic slurry. In some cases the walls may stay firm inside the structure or the space may be occupied by the polymer remains, leaving an internal defect after thermal treatment. The wall that separates the pores could break, given that it is so thin, producing a more interconnected structure. Furthermore, air bubbles trapped in the slurry can lead to closed pores with thin walls in the ceramic structure after drying. These walls can snap off, and generate a more interconnected structure [@b0055]. The difference between the interconnectivity values of 40HAA and 40HAN may be due to the presence of the --OH group, making it more hydrophilic and causing the molecules to have less affinity with the crosslinking agent. Therefore, the structure could be more open and have higher interconnectivity values. Nevertheless, it was statistically demonstrated that all the mean interconnectivity values and porosities are the same. The interconnected porosity of the trabecular bone is between 50% and 70% [@b0140]. Therefore, in terms of interconnectivity, the porous bodies provide the material with good properties for trabecular bone repair, because it can allow osteoconductivity, bone ingrowth and angiogenesis.

Conclusions {#s0050}
===========

Using the gel-casting technique combined with the infiltration of polymeric foams, it was statistically demonstrated that the percentage of solids and the type of monomer did not have a significant effect on the porosity and interconnectivity of the samples. Since these properties are directly affected by the type of foam used as a template, it is very important to use foam with a known porosity and interconnectivity pattern.

The porous bodies internally possess macro-pores and micro-pores. The pore size is between 100 and 600 μm and the internal pore size is between 50 and 100 μm. This was corroborated by porosity and interconnectivity results that showed values from 84.9% to 89.2% and 55.8% to 79.2% respectively, which are very similar to the values of the trabecular bone.

The behavior exhibited by all of the porous bodies confirms their bioactivity. There were no monomers in the final foams which could generate sensitization and irritation reactions. This demonstrates the great potential that these bodies have for use in tissue engineering.
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![Micrographs of the HA porous bodies, 50×: (a) 40HAM, (b) 50HAM, (c) 40HAA, (d) 50HAA, (e) 40HAN, (f) 50HAN.](gr4){#f0020}

![X-Ray diffraction of the porous bodies for 40% and 50% of hydroxyapatite and the three monomers.](gr5){#f0025}

![SEM micrographs of the surfaces of the porous bodies immersed in SBF magnified 1000×. (a) Day 1 with 40HAM, (b) day 21 with 40HAM, (c) day 1 with 40HAA, (d) day 21 with 40HAA, (e) day 1 with 40HAN, (f) day 21 with 40HAN.](gr6){#f0030}

![SEM Micrographs of the surfaces of the porous bodies immersed in SBF magnified 1000×. (a) Day 1 with 50HAM, (b) day 21 with 50HAM, (c) day 1 with 50HAA, (d) day 21 with 50HAA, (e) day 1 with 50HAN, (f) day 21 with 50HAN.](gr7){#f0035}

![Total porosity versus the amount of hydroxyapatite for the three types of monomers.](gr8){#f0040}

![Interconnectivity versus the amount of hydroxyapatite for the three types of monomers.](gr9){#f0045}

###### 

Sample nomenclature.

  Sample                                   Nomenclature
  ---------------------------------------- --------------
  40% of solids and Methacrylamide         40HAM
  40% of solids and Acrylamide             40HAA
  40% of solids and N-methylolacrylamide   40HAN
  50% of solids and Methacrylamide         50HAM
  50% of solids and Acrylamide             50HAA
  50% of solids and N-methylolacrylamide   50HAN
